This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. has the ability to support cancer growth. Therefore, profiling CSC-enriched populations could be a reliable tool to study cancer biology. Methods: We performed phenotypic characterization of 7 HNSCC cell lines and evaluated the presence of CSCs. CSCs from Hep-2 cell line and HNSCC primary cultures were enriched through sphere formation and sphere-forming cells have been characterized both in vitro and in vivo. In addition, we investigated the expression levels of Nicotinamide N-methyltransferase (NNMT), an enzyme overexpressed in several malignancies. Results: CSC markers were markedly expressed in Hep-2 cell line, which was found to be highly tumorigenic. CSC-enriched populations displayed increased expression of CSC markers and a strong capability to form tumors in vivo. We also found an overexpression of CSC markers in tumor formed by CSC-enriched populations. Interestingly, NNMT levels were significantly higher in CSC-enriched populations compared with parental cells. Conclusion: Our study provides an useful procedure for CSC identification and enrichment in HNSCC. Moreover, results obtained seem to suggest that CSCs may represent a promising target for an anticancer therapy. This paper is dedicated to the memory of my husband, Andrea L. Tranquilli (M. Emanuelli) V. Pozzi and D. Sartini contributed equally to the paper.
Identification and Characterization of Cancer Stem Cells from Head and Neck Squamous Cell Carcinoma Cell Lines

Introduction
Head and neck squamous cell carcinoma (HNSCC) is the sixth most common malignancy worldwide, and its incidence is still increasing, particularly in elderly patients since the age of most of the HNSCC patients ranges between 50 and 70 years. Due to delayed diagnosis, HNSCC patients are characterized by poor prognosis (the 5-year relative survival rate of patients with oral cavity and pharynx cancer is about 59%), high morbidity, and a marked detriment of quality of life [1] . Therefore, there is an urgent need to improve early diagnosis as well as treatment strategies. In fact, despite the advances in the treatment modalities of HNSCC, the overall survival has not improved substantially for the last three decades due to the resistance of cancer cells to conventional radio or chemotherapy [2, 3] . Therefore, a better understanding of cancer initiation, progression and tumor recurrence is necessary to enable development of more effective therapeutic strategies.
The theory that cancer may be originated and sustained by a small subpopulation of stem-like, self-renewing cells, termed cancer stem cells (CSCs), has gained support in recent years. According to cancer stem cell theory, tumor initiation and maintenance is guaranteed by a subset of undifferentiated cells which have the ability to self-renew and differentiate within a tumor [4] [5] [6] . Cancer stem cells are highly tumorigenic, and are considered a major cause of cancer recurrence after conventional therapy due to their increased resistance against radio and chemo-therapeutic modalities [7] . Cancer stem cell theory has fundamental implications for cancer risk assessment, early detection, prognosis, and prevention. Therefore, the development of a reliable model of CSCs becomes crucial for clinical and basic tumor research.
Substantial evidences from recent studies show that many solid tumors contain a subpopulation of CSCs [8] [9] [10] . These cells were identified since they express specific cellsurface markers. As concerns stem markers, CD133 was the first to be studied. The human CD133 is a 5-transmembrane glycoprotein which has been used for the identification and isolation of subsets of putative CSCs from several human cancers [11, 12] . The existence of cancer stem cells was first demonstrated in the context of acute myeloid leukaemia (AML). Surface markers were used to distinguish AML stem cells, which were able to proliferate extensively, from the remaining AML cells, which had limited proliferative potential [13, 14] . Most recently, CSCs were identified in breast cancer where it was found that only a small population of cancer cells were able to induce tumor formation when injected into immunodeficient mice. These cells were found to express CD44, but little or no CD24. In fact, as few as 200 CD44+CD24-/low cancer cells were able to consistently form tumors, whereas injection of thousands of cancer cells that had other phenotypes failed to form cancers. [15, 16] . Further evidence for the existence of CSCs occurring in solid cancers has been found in the central nervous system (CNS) malignancies where, a subpopulation of cells expressing the human neural stem-cell marker CD133 accounted for almost all in vitro proliferative activity. In culture, these CD133+ cells gave rise to cells that expressed neuronal and/or glial markers in proportions that mirrored the phenotypes of cells within the original cancers [17] . Moreover, it has been demonstrated that glioblastoma cells expressing CD133 were resistant to ionizing radiations because they were very efficient at inducing the repair of damaged DNA [18] . The identification of these cells provided evidence that, within a tumor, a hierarchical system exists, being cancer stem cells at the top. Since then, CSCs have been identified in several other malignancies, including lung, prostate, colorectal, pancreas, liver and recently HNSCC [19] [20] [21] [22] [23] [24] [25] [26] . The identification of CSCs in different kinds of cancer has revealed that CSCs are largely tissue specific and that universal CSC marker is unlikely. While a lot of studies have identified CSC markers across a variety of solid cancers, relatively few of these markers have been studied in head and neck squamous cell carcinoma. Several studies have examined the cell-surface marker CD133 in HNSCC. CD133 has been suggested as a potential marker of CSCs in a human laryngeal tumor cell line. In this cell line, only a small percentage of cells expressed CD133 marker and, in comparison with CD133(-) tumor cells, CD133(+) cells possessed a marked capacity for tumor formation in vivo. Moreover, a small population (1-2%) of CD133+ cells was identified in oral squamous cell carcinoma (OSCC) cell lines and tissues. These CD133+ cells possessed increased clonogenicity, invasiveness, and in vivo tumorigenicity compared to CD133-counterparts [27, 28] . In addition, a previous report has demonstrated that a subpopulation of CD44+ cells, isolated from HNSCC specimens by fluorescence activated cell sorting (FACS) analysis, possessed the unique properties of CSCs [26] . The formation of CSCs may be related to alterations in signal transduction inside the cell and in cell-cell interactions.
Development of new therapies that target these CSCs could significantly improve the clinical treatment of tumor. Therefore, it is fundamental to identify, within cancer, the subpopulation of cells that display CSCs properties. Recent studies have suggested that CSCs can be enriched from many solid tumors or cancer cells by sphere body formation under serum-free medium cultivation, whereby the serum-free condition helps maintain the CSCs undifferentiated [29] [30] [31] .
In the present study, we reported the identification of sphere-forming cells from Hep-2 cell line and HNSCC primary cultures, and the characterization of their CSCs properties. We have used a modified culture system to enrich CSCs through sphere formation, by cultivating Hep-2 cells and cells derived from HNSCC primary cultures in defined serumfree medium with specific growth factors. Subsequently, we analyzed whether these CSCsenriched populations possessed distinct properties of cancer stem-like cells, by evaluating the expression of specific stem cell markers. The tumorigenic potential of CSC-enriched population from Hep-2 cells was evaluated in vivo by subcutaneous injection into athymic mice. In addition, we investigated the mRNA expression and catalytic activity levels of Nicotinamide N-Methyltransferase (NNMT), an enzyme involved in the biotransformation of many xenobiotics, that was found overexpressed in several malignancies.
Materials and Methods
Cell culture
Human HNSCC cell lines (Hep-2, PE/CA-PJ34, PE/CA-PJ46, PE/CA-PJ49, Ca 9-22, HSC-2, HSC-3), purchased from the American type Culture Collection (ATCC, Rockville, MD, USA), were cultured in DMEM/F12 (Hep-2, PE/CA-PJ34, PE/CA-PJ46, PE/CA-PJ49, Ca 9-22) or RPMI 1640 (HSC-2, HSC-3) media supplemented with 10% fetal bovine serum, 100 U/ml of penicillin, 100 µg/ml of streptomycin at 37°C in a humidified 5% CO 2 incubator. Table 1 reports the site of origin of each HNSCC cell line.
Primary culture
Human tissue specimens of head and neck carcinomas were obtained during the standard surgical procedure by the Department of Biomedical Sciences and Public Health section of Pathology (Polytechnic University of Marche), after consent was obtained for diagnostic purposes. After diagnostic analysis, the residual amount was used to generate primary cancer cell cultures. No consent was given for our experimental research since the data were analyzed anonymously.
The authors did not participate in sample collection and had no access to any identifying patient information prior to anonymization. Briefly, tissue specimens were transported in sterile saline and processed immediately after excision. Primary tumor samples were rinsed in DMEM/F12 medium with gentamicin (50 µg/ml) and amphotericin B (50 µg/ml) to minimize the risk of microbial contamination. After rinsing, tissues were carefully minced into small pieces and distributed in T25 flasks. To enable the samples to adhere to the flask surface, tissues were incubated at 37°C for 1 h prior to adding medium. After 3-4 days of incubation, some of the fragments and cells adhered to the flask. HNSCC cell growth was observed a week after primary culture initiation. Fibroblasts were removed by brief exposure to 0.25% trypsin-EDTA (Invitrogen, Buffalo). Primary cancer cell cultures were obtained after continuous successful passage of HNSCC cells and elimination of fibroblast-like cells. Table 1 reports the site of origin of each HNSCC primary culture.
Sphere formation assay
For sphere-forming culture, HNSCC cells, from Hep-2 cell line or primary culture of HNSCC specimens, were plated at a density of 1x10 5 cells/well in 6-well ultra-low attachment plates in serum-free DMEM/ F12 medium supplemented with human recombinant epidermal growth factor (EGF; 10 ng/ml) and basic fibroblast growth factor (bFGF; 20 ng/ml). Fresh aliquots of EGF and bFGF were added every 2 days, and the serum-free medium was changed every other day until the sphere formation.
Cell viability assay
Trypan blue exclusion test was performed to assess the cell viability. HNSCC cell lines were cultured on 24-well plates at a density of 2x10 4 cells/well. After trypsinization, the cells were counted with a hemocytometer in a 1:1 dilution of cells in a 0.4% trypan blue solution (Euroclone) under the microscope. The cell viability was quantified by counting the viable (non-stained) and dead (stained) cells at various time points (0, 24, 48 and 72 h). The experiment was repeated three times. The mean value of tests was presented as the final result.
Immunocytochemistry
Immunocytochemical analysis was performed against CD133 and CD44 proteins. Cells were seeded in 24-well plates (1x10 5 cells/well) containing one coverslip per well. After 24 h, cells attached to the coverslips were washed with PBS and fixed with 4% paraformaldehyde in PBS solution for 10 min. The cells were then permeabilized with 0.1% Triton X-100 in PBS for 10 min at room temperature. After washing with PBS, cells were immersed in a blocking solution for 1 h at room temperature. Cells were then incubated at 4°C overnight with a mouse antibody (IgG1) for human CD133/1 (1:50, Miltenyi), and a rabbit antibody (IgG) for human CD44 (1:60, Abcam). After rinsing in PBS, cells were incubated with biotinylated secondary antibodies (Calbiochem) for 1 h at room temperature, followed by treatment with avidin-biotin complex (Vectastain ABC, Vector Laboratories) according to the manufacturer's instructions. Peroxidase activity was visualized by 5 min of incubation with diaminobenzidine (DAB) (Vector Laboratories), and then slides were counterstained with hematoxylin, and mounted. The cells were observed under light microscope.
RNA extraction
Cells (1x10 6 ) or tissue samples (30-40 mg) were homogenized in a lysis buffer, and total RNA was extracted through the SV Total RNA Isolation System (Promega, Madison, WI, USA), according to the manufacturer's protocol. The quantity and quality of RNA were assessed spectrophotometrically at 260 nm and 280 nm, and confirmed by electrophoresis on denaturated 1% agarose gel. Total RNA (2 µg) was reverse transcribed in a total volume of 25 µl for 60 minutes at 42°C with M-MLV Reverse Transcriptase (Promega, Madison, WI, USA) using random nonamers.
Real-Time quantitative PCR
To examine putative stem cell markers or NNMT mRNA expression quantitatively, a Real-Time PCR assay was performed using a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). cDNA, generated as described above, was used as template. To avoid false-positive results due to amplification of contaminating genomic DNA in the cDNA preparation, all primers were selected to flank an intron, and PCR efficiency was tested for both primer pairs and found to be close to 1. The sequences of specific primers used were reported in Table 2 .
Genes were run in duplicate for 40 cycles at 94°C for 30 seconds and 58°C for 30 seconds, using SsoFast EvaGreen Supermix (Bio-Rad). All samples were tested in triplicate with the reference gene β-actin for data normalization to correct for variations in RNA quality and quantity. Direct detection of PCR 
NNMT enzyme activity
An HPLC-based catalytic assay was performed to analyse NNMT activity in CSC-enriched populations and parental cells. A frozen cell pellet (5x10 6 cells) was suspended in 200µl of cold lysis buffer (50 mM trisHCl, pH 8.6, 2 µg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, 1% Nonidet P40) and ½ vol glass beads. The suspension was vortexed at maximum speed for 2 minutes and then chilled on ice for 2 minutes. The homogenate was centrifuged at 16000 x g for 10 minutes at 4°C. The supernatant was kept at 4°C until assayed. The standard assay mixture contained 50 mM tris-HCl, pH 8.6, 1 mM dithiothreitol, 5 mM nicotinamide, 0.5 mM S-adenosyl-L-methionine and the appropriate amount of enzyme sample to a reach final volume of 350 µl. The reaction was started by adding the substrate S-adenosyl-L-methionine. Incubations were performed at 37°C for 30 and 60 minutes. The reaction was stopped by adding 100 µl assay mixture to 50 µl ice-cold 1.2 M HClO 4 . After 10 minutes at 0°C proteins were removed by 1 minute of centrifugation in a microfuge and 130 µl perchloric acid supernatant were then neutralized by adding 35 µl 0.8 M K 2 CO 3 . The KClO 4 so formed was removed by centrifugation. 100 µl of the neutralized supernatant was injected into a high performance liquid chromatography system 10 Dvp-uv-vis photodiode array detector (Shimadzu, Duisburg, Germany) using a 250 x 4.6 mm inner diameter Supelcosil® LC-18 5 µm reversed phase column. Elution conditions were as previously described [32] . Enzyme activities were tested by measuring the amount of N1-methylnicotinamide produced, as determined by the peak areas of the separated compound with 1 U activity representing the formation of 1 nmol N1-methylnicotinamide per hour of incubation at 37°C.
Animals
Six-to eight-week-old male and female athymic BALB/c nude (nu/nu) mice (average weight 30 g) were selected for this study. Mice (Harlan Laboratories, Udine, Italy) were housed in plastic cages and fed with food pellets and water ad libitum. The animals were maintained at constant temperature (20 ± 1°C) and humidity (50 ± 5%) on a 12-h light/12-h dark cycle.
The procedure and facilities complied with ethical standards and followed the requirements of Commission Directive 86/609/EEC concerning the protection of animals used for experimental and other scientific purposes. Italian legislation is defined in D.L. No. 116 of 27 January 1992. The experimental protocols were also approved by the Institutional Animal Care Committee of the Ministry of Health , Italy. All experiments were performed according to the Principles of Laboratory Animal Care. All efforts were made to minimize animal suffering and to reduce the number of animals used.
Tumorigenicity assay
Tumorigenic capacity of the 7 HNSCC cell lines was assessed by subcutaneous injection of cells into BALB/c nude mice, which were maintained under pathogen-free conditions. Mice were divided into seven experimental groups (5 animals for each group). Each cell line (2x10 6 cells/mouse) was resuspended in 200 µl PBS 1X/Matrigel mixture (BD Biosciences, Bedford, MA, USA) at a 1:1 ratio to support initial tumor growth, and cells were inoculated subcutaneously on the left and right backs of mice. Tumor size was measured weekly with a caliper and tumor volume was calculated using the formula volume = length x width x height. After 8 weeks, all of the mice were euthanized with excess CO 2 , and tumor formation was assessed. The masses were dissected and samples were harvested for histological examination. For histology, tumors were fixed with 4% paraformaldehyde in PBS solution, and paraffin-embedded sections were prepared following routine procedures. Subsequently, the tumorigenic potential of CSC-enriched populations from Hep-2 cell line was also evaluated. Mice were divided into two experimental groups (10 animals for each group), and Hep-2 cells and CSC-enriched populations (2.5x10 5 cells/mouse) were inoculated subcutaneously on the left and right backs of each mouse. Tumor size was measured weekly with a caliper and, after 8 weeks, all of the mice were euthanized with excess CO 2 . Tumor samples obtained after injection of parental and CSC-enriched cells have been both snap-frozen in liquid nitrogen and paraffin-embedded. Frozen samples were analyzed for cancer stem cell markers expression by Real-Time PCR, as previously described for cells. Histological and immunohistochemical analyses were performed on paraffined samples.
Immunohistochemistry
Immunohistochemical analysis was performed against CD133 and CD44 proteins. The 4 μm thick histological sections were mounted on glass slides, deparaffinized in xylene, rehydrated in ethanol and microwave-heated in sodium citrate buffer (10 mM, pH 6) for antigen retrieval. Then, endogenous peroxidase was blocked by incubation with 3% hydrogen peroxide for 7 min. The sections were washed for 5 min with PBS and incubated with the primary antibody for 1 h at 37°C. The primary antibodies used were a mouse antibody (IgG1) for human CD133/1 (1:50, Miltenyi), and a rabbit antibody (IgG) for human CD44 (1:60, Abcam). After washing with PBS, the sections were incubated with the EnVision HRP detection system for 30 min at room temperature. After being washed with water, the signal was detected using 3,3'-diaminobenzidine (DAB). The counterstaining was performed using Hematoxylin, and then the sections were dehydrated in ethanol, clarified and mounted. All slides were observed with light microscopy.
Statistical analysis
Data were analyzed using GraphPad Prism software version 6.00 for Windows (GraphPad Prism Software, San Diego, CA,USA). Values were expressed as mean ± s.d. Differences between groups were determined by repeated measures ANOVA. A p value < 0.05 was accepted as statistically significant.
Results
Characterization of HNSCC cell lines in vitro and in vivo
Phenotypic characterization of 7 HNSCC cell lines was performed by evaluating replication rate and tumorigenic potential, in vitro and in vivo, respectively. Replication rate was monitored by plating cells in 24 wells plate and counting them by trypan blue exclusion assay at various time points (0, 24, 48 and 72 h). As shown in Figure 1 , Hep-2 cell line had a more marked proliferative activity compared to the other cells. Moreover, Hep-2 cells possessed a greater tumorigenic ability in vivo (Fig. 2) . Immunocytochemical analysis revealed that about 1.0-2.0% of CD133+ and CD44+ cells existed in all HNSCC cell lines tested. In particular, Hep-2 contained 5% CD133+ cells and 3% CD44+ cells (data not shown).
Sphere formation from Hep-2 cell line and primary HNSCC cultures
A subpopulation of CSCs from Hep-2 cell line or primary HNSCC culture was enriched through sphere formation. Cells were cultured in DMEM/F12 serum free medium with bFGF and EGF. After being in culture for 3 weeks, cancer cells gradually started to detach from culture plates, aggregate and form sphere-like bodies. Increase of the volume of sphere-like body was observed with longer cultivation (6 weeks). The sphere formation from primary HNSCC culture was faster than that of sphere from Hep-2 cells. In fact, the primary culture cells isolated from HNSCC tumour samples formed sphere-like bodies in 2-3 weeks of culture (Fig. 3) . Real-Time PCR analysis revealed that the mRNA expression levels of a number of stem cell markers including CD133, CD44, Oct4, Sox2, Nanog, and Nestin were significantly higher in CSC-enriched subpopulations compared to the parental counterpart ( Fig. 4A and B). Immunocytochemical analysis confirmed the increased expression of CD133 and CD44 in CSC-enriched populations compared with parental cells (Fig. 5) .
NNMT expression analysis and enzyme activity assay in Hep-2 cell line
To examine NNMT expression quantitatively, cellular samples were analyzed by Real-Time PCR. As shown in Table 3 , NNMT expression was 1.8-fold higher in CSCs enriched-populations compared with the parental counterpart. To confirm the above-reported results, a HPLC-based catalytic assay was performed to analyze NNMT activity in CSC-enriched populations. In keeping with the results of Real-Time PCR, the level of NNMT specific activity was higher in CSC-enriched populations (6.17 U/mg) compared to the value measured in parental cells (2.79 U/mg).
In vivo tumorigenicity of CSC-enriched populations Tumor formation potential of CSC-enriched subpopulations was investigated in vivo.
Hep-2 cells and CSC-enriched populations were subcutaneously injected (2.5x10 (Fig. 6 ). In particular, as shown in Figure 7 CSC-enriched populations yielded tumors of a much larger size compared with the tumors generated by parental cells, suggesting that CSC-enriched populations had a stronger ability to form tumors in vivo compared to the parental cell line. At 8 weeks after inoculation all mice were then sacrificed, and tumor samples obtained after injection of parental and CSC-enriched cells were both snap-frozen in liquid nitrogen and paraffin-embedded. Frozen samples were analyzed by Real-Time PCR, while histological and immunohistochemical analyses were performed on formalin-fixed and paraffin-embedded samples. Interestingly, Real-Time PCR analysis showed an overexpression of stem cell markers on tumor formed by CSC-enriched populations compared with tumor observed after injection of parental cells (Fig. 8) . In keeping with the results of Real-Time PCR, subpopulations as compared with tumors formed after injection of parental cells (data not shown). Moreover, a histological examination confirmed the epithelial histogenesis of the tumor in agreement with the cell line inoculated, excluding the formation of the primary tumor. These results suggested the involvement of CSC-enriched populations in cancer development.
Discussion
Head and neck squamous cell carcinoma is one of the world's most common tumors, with estimated 500,000 new cases diagnosed each year [33] . Local invasion and regional lymph node metastases, together with relative resistance to conventional chemo and radiotherapy, lead to an unfavourable outcome [34] . Despite increased experience in surgical technology and adjuvant therapies, the overall prognosis of HNSCC remain unimproved, resulting in the urgent need for novel treatment strategies [35] . A better understanding of the molecular genetics of HNSCC could reveal the mechanisms of the initiation and progression of this malignancy, and help to find a new way to develop therapeutic strategies.
In recent years, several studies have led to the discovery that many cancers appear to be supported by cells with stem-like properties. According to cancer stem cell theory, tumor development would be guaranteed by a distinct subpopulation of tumor cells, termed cancer stem cells (CSCs), that have the ability to self-renew and to resist to chemotherapeutic agents, preventing the elimination of cancer [36, 37] . These cells appear to play a major role in cancer recurrence and metastatic spread, common causes of the high morbidity and death of the majority of patients with HNSCC. Therefore, the identification and the targeted elimination of these CSCs has been considered fundamental for cancer treatment [38] .
CSCs have been isolated from many tumors, such as acute myeloid leukemia, breast, brain, lung, prostate, colorectal, pancreatic, liver and ovarian cancers [13, 15, 19-25, 39, 40] . Both SCs [41] and CSCs were identified since they were found to express specific cell-surface markers. A lot of studies have identified CSC markers across a variety of solid cancers, but relatively few of these markers have been studied in HNSCC, and the putative CSCs from HNSCC have not been well characterized [42] [43] [44] . At present, the identification of CSCs in HNSCC is obstacled by the lack of well-validated markers characterizing this cell lineage, and isolation of CSCs through putative stem cell markers (such as CD133, CD44) must be performed through precise and innovative technologies. Concurrent studies have suggested that CSCs can be enriched in spheres when these cells are cultured in serum-free medium supplemented with specific growth factors [30, 31] . In the present study, we used a modified culture system to identify and enrich CSCs from HNSCC primary cultures and cancer cell lines with sphere formation, and we further investigated their properties using molecular and phenotypic characterization. Seven HNSCC commercial cell lines were analyzed in order to identify and isolate CSC subclones. We evaluated replication rate by cell number counting and tumorigenic potential by analysis in vivo, and we analyzed these cell lines in order to evaluated the presence of CSCs by immunocytochemical analysis, using antibodies against cancer stem cell putative markers (such as CD133, CD44). Hep-2 cell line showed a more marked proliferative activity and tumorigenic capability compared to the other cell lines tested. Moreover, immunocytochemical analysis showed a positive immunoreaction for CD133 and CD44 in all HNSCC cell lines tested, especially in Hep-2 cell line, which was selected for further analysis. Subsequently, cancer specimens of head and neck carcinomas, taken during surgical procedures, were collected and snap-frozen in liquid nitrogen, and primary cultures, obtained from these surgical specimens, were analyzed in order to identify CSCs. Cancer stem cells were enriched through sphere formation, by cultivating HNSCC cells from Hep-2 cell line, derived via HeLa contamination, or primary cultures of HNSCC patients in defined serumfree DMEM/F12 with specific growth factors. Interestingly, after being in culture for 3 weeks, cancer cells gradually started to detach from culture plates, aggregate and form sphere-like bodies. The sphere formation from primary HNSCC culture was faster than that of spheres from Hep-2 cells. To investigate whether these CSC-enriched populations possessed stem cell features, we analyzed the expression of various stem cell-related molecules. Compared with parental cells, CSC-enriched populations showed a markedly increased expression of stem cell markers, including CD133, CD44, Oct4, Sox2, Nanog and Nestin. Consistent with the results of Real-Time PCR, immunocytochemical analysis confirmed the higher expression of CD133 and CD44 in CSC-enriched populations compared with parental cells. To further characterize CSC-enriched populations in HNSCC, we investigated their tumor formation potential in vivo. Both CSC-enriched populations and Hep-2 cells were injected subcutaneously on the left and right backs of immunocompromised mice, and tumor growth was monitored by measurement of tumor mass. Interestingly, athymic mice inoculated with CSC-enriched populations showed a significant increase in tumor growth compared with mice inoculated with parental cells, indicating that CSC-enriched populations may contribute to the malignancy of HNSCC. Mice were then sacrificed and tumor masses were analyzed by Real-Time PCR, and histological and immunohistochemical analyses. Our results showed a significant upregulation of putative stem cell markers on tumor formed by CSC-enriched populations compared with tumor observed after injection of parental cells, at both the RNA and protein levels. These results suggested that CSC-enriched populations exhibited an enhanced ability to form tumor in vivo compared to the parental cell line.
In the present work, we also focused on the expression of the enzyme Nicotinamide N-Methyltransferase, which catalyzed the N-methylation of nicotinamide, pyridines, and other structural analogs, playing a fundamental role in the biotransformation of many xenobiotics [45, 46] . An enhanced expression of NNMT has been reported in a number of cancers, such as glioblastoma [47] , stomach adenocarcinoma [48, 49] , papillary thyroid cancers [50, 51] , renal [52, 53] , and oral squamous cell carcinomas [54] [55] [56] , colorectal cancer [57] , bladder [58] , lung and pancreatic cancers [59] [60] [61] . In our previous works, we explored NNMT expression in renal cell carcinoma (ccRCC) [52] , oral squamous cell carcinoma (OSCC) [54] [55] [56] , urothelial carcinoma (UC) of the bladder [58] and non-small cell lung cancer (NSCLC) [60] . Although several cancers have been associated with abnormal NNMT expression, its role in cancer cell metabolism remains largely unknown. We previously demonstrated that downregulation of NNMT expression in human oral and lung cancer cell lines significantly inhibited cell growth and tumorigenicity, suggesting that NNMT could play a critical role in the proliferation and tumorigenic capacity of cancer cells, and the possibility of NNMT as a therapeutic target for the treatment of tumor [62] [63] [64] . In this work, since CSCs appear to be responsible for tumor initiation and progression (for tumor onset, self-renewal/ maintenance, and metastasis), we decided to analyze the mRNA expression and catalytic activity of NNMT in CSCs enriched populations. Our analysis revealed an overexpression of NNMT in CSC-enriched populations compared to parental counterpart. In keeping with the results of Real-Time PCR, the levels of NNMT activity were particularly higher in CSCenriched populations than in parental cells. Considering the fundamental role of CSCs in the carcinogenesis and onset of metastases, our results can suggest an interesting role of NNMT in cancer cell metabolism, and the possibility to use its inhibition as a molecular approach in the treatment of cancer.
In the present study, a modified culture system was able to identify and enrich CSCs from HNSCC through sphere formation. A detailed gene expression analysis and in vivo tumorigenicity assay led to a characterization of molecular properties and tumorigenic potential of CSCs, improving our understanding of the fundamental questions underlying cancer stem cell biology in HNSCCs. In this regard, the current knowledge is poor, especially as concerns aspects related to the identification of CSCs in HNSCC and the effectiveness of specific anticancer targeted therapies against CSCs. In this light, our work may help to investigate the etiopathogenetic role of CSCs in HNSCC, evaluating their phenotypic and molecular features. Results obtained by in vitro and in vivo analyses, coupled with clinical data could have the potential to lead to the development of new strategies for head and neck cancer treatment. The discovery of mechanisms leading CSC self-renewal is crucial to identify molecular targets for therapies that are selectively effective against CSC. The possibility to correlate the stem genesis of tumors with the traditional prognostic factors could lead to verify the possible role of stem cell origin as an independent factor for evaluation of the clinical behaviour of these tumors. At the same time, the possibility to identify and characterize specific HNSCC cancer stem cells susceptibility give insights regarding future potential new models of gene therapy throughout gene silencing technique targeting CSCs. These may have direct implications in improving treatment efficacy of HNSCC patients.
Conclusions
Although further studies are necessary to characterize the function of CSCs in HNSCC and to clarify their specific role in cancer development, our work could represent an useful procedure for cancer stem cell identification and enrichment in HNSCC. These results could lead to the possibility to study optimally CSCs, characterizing their role in head and neck cancerogenesis. In addition, data reported in this study may also have relevant implications for early diagnosis of HNSCC and for the development of a CSC-based cancer therapy. Pozzi 
